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Abstract 
An additive manufacturing technique (AM) for ceramics, based on Al2O3-ZrO2 powder by means of Selective Laser Melting 
(SLM) is presented. Pure ceramic powder is completely melted by a laser beam yielding net-shaped specimens of almost 100% 
densities without any post-processing. Possible crack formation during the build-up process due to thermal stresses is prevented 
by a high-temperature preheating of above 1600°C. Specimens with fine-grained nano-sized microstructures and flexural 
strengths of above 500 MPa are produced. The new technology allows for rapid freeform manufacture of complex net-shaped 
ceramics, thus, exploiting the outstanding mechanical and thermal properties for high-end medical and engineering disciplines. 
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1. Introduction 
High-strength oxide ceramics, such as alumina (Al2O3) and zirconia (ZrO2) are widely utilized in high-end 
engineering disciplines due to their outstanding mechanical strength alongside with their excellent thermal and wear 
resistance. Additionally, medical applications exploit the biocompatibility for the fabrication of implants or the 
favorable aesthetics for dental restorations. However, conventional manufacturing techniques are time consuming 
and yield several limitations, such as shrinkage during the sintering process and low material yield alongside with 
high tool wear during milling. As of today, these draw backs impede the industrial utilization of these high-strengths 
ceramic materials for a growing range of engineering and medical disciplines. 
Various attempts to overcome the limitations of restricted geometries and uneconomically high costs have been 
launched. Stampfl and Liu [1] and Wu and Dichen [2] obtain complex shaped alumina-based fully ceramic 
specimens by gelcasting. As this manufacturing method incorporates drying and sintering of the ceramic slurry, 
limitations of shrinkage and thus, limitations to the geometry persist. Bertsch et al. [3] introduce a rapid 
manufacturing approach for the generation of fully ceramic parts by means of microstereolithography. In this 
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process a resin which is loaded with up to 80 wt% alumina nanoparticles is directly generated, yielding pure ceramic 
micro components after debinding and sintering. Again the typical draw backs of shrinkage during consolidation and 
limitations to aspect ratios are encountered.  
Further approaches of overcoming these limitations employ additive manufacturing techniques (AM), like 
Selective Laser Melting (SLM), firstly introduced by Fraunhofer Institute for Laser Technology. SLM allows for a 
rapid freeform generation of functional complex net-shaped parts with densities of up to 100% and is already 
applied in an industrial scale for a large variety of metals. However, as of today no AM techniques capable of 
directly processing net-shaped, fully dense ceramic parts for industrial applications based on the melting of pure 
ceramic powder have been reported. Wirtz [4] manufactured ceramic molds for metal casting by means of SLM 
based on ceramic powder with the addition of binders. Ader [5] processed ceramic slurry by SLM but encountered 
contraction during solidification, causing crack formation. Bertrand et al. [6] apply SLM to pure yttria stabilized 
zirconia powders, but the density of the produced parts remains low (56%) and may not be further enhanced by post 
heat-treatment. Shishkovsky et al. [7] give a similar result while studying SLM on yttria stabilized zirconia powders 
with an addition of aluminium and/or alumina in variable atmospheres of oxygen and argon. Again, the mechanical 
strength is reduced due to the existence of great pores of above 100 μm alongside with the appearance of cracks. 
Advancements in the SLM process for ceramics at Fraunhofer Institute for Laser Technology yield fully ceramic 
net-shaped specimens of almost 100% densities without any post-processing by complete melting of the powder 
with a Nd:YAG laser beam. The formation of cracks during the build-up process is prevented by a high-temperature 
preheating consisting of a homogenized CO2-laserbeam. By employment of the eutectic Al2O3-ZrO2 mixture ratio, a 
fine-grained microstructures and flexural strengths of above 500 MPa are achieved. For demonstration purposes 
complex shaped ceramic components have been manufactured highlighting the potential of the new AM technique 
to generate e.g. all-ceramic functional prototypes, dental restorations as well as complex-shaped high-end ceramics 
functional parts, which are impossible to manufacture by conventional techniques. 
 
2. Principle of Selective Laser Melting of ceramics 
SLM is a powder-based AM technique in which functional parts are manufactured layer-wise using series 
materials. In a repeating process (Fig. 1 (a)) thin powder layers of less than 100 μm are deposited onto a substrate 
plate and in a next step selectively melted according to CAD data. These repeating steps allow for generation of 
three-dimensional parts with little limitations to the complexity of the geometries, thus, allowing for generation of 
undercuts and high aspect ratios. The consolidation during SLM is based on a complete melting of the powder 
alongside with the surface of the previous layer (Fig. 1 (b)) yielding parts of up to 100% density. 
 
  
Fig. 1. (a) Schematic illustration of the SLM production steps (b) Schematic illustration of the consolidation process  
As high temperature gradients appear due to the local heat input by the focussed laser beam, micro-cracks may 
occur in the SLM part due to high local stresses. These stresses are reduced by employment of high-temperature 
preheating [8]. 
a) b) 
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2.1. Experimental Setup 
The experimental setup of the SLM process for ceramics is depicted in Fig. 2.  
 
  
Fig. 2. Schematic illustration of the experimental setup of SLM with ceramics 
 
In addition to the conventional SLM setup without any preheating, a CO2 laser (TRUMPF TLF 12000) is led 
through a homogenization optic in order to generate a preheating area of 30 x 40 mm². The surface of the SLM part 
is completely covered by the preheating area and thereby heated up to temperatures of above 1600°C, not exceeding 
the melting point of the preheated material. The selective and complete melting of the powder material is achieved 
by a continuous wave (cw) Nd:YAG laser beam (ILT production), which is led through a scanner (SCANLAB 
Hurry Scan 20). The spot size of the focussed laser beam is 200 μm with a top hat intensity profile. The temperature 
control of the preheating area is done with a two-colour pyrometer (KELLER Cella Temp PZ40AF7). Thermal 
images are taken with a thermal camera (JENOPTIC Vario Therm Head) and the according software (INFRATEC 
Irbis Professional). 
2.2. Experimental conduction 
All experiments were conducted with a dry mixed ceramic powder ratio of 58.5 wt% Al2O3 and 41.5 wt% ZrO2, 
representing the eutectic ratio for this material composition [9]. The ZrO2 component includes 6 wt% yttria (Y2O3) 
for a partly stabilization of the tetragonal phase of ZrO2 at room temperature. Both powders were supplied by 
INNALOX bv, Netherlands and do not contain any binder nor any other additives.  
The process parameters comprise a layer thickness of 50 μm, a scanning velocity of 200 mm/s, a laser power of 
60 W, a scanning offset of 50 μm and a time gap of 60 ms between two subsequent scanning vectors. Due to the 
preheating temperatures close to the melting point of the eutectic powder ratio (1860°C) a large melt pool evolves, 
which, on the one hand, positively influences the density of the obtained part. On the other hand, a negative 
influence on the surface quality is examined since the low viscous melt pool exceeds the boundaries of the scanned 
part and wets the surrounding powder. Fig. 3 shows a thermal image of the SLM process. The solid SLM part is 
fully covered by the preheating area and shows a different thermal radiation coefficient than the surrounding 
powder. Also depicted are the laser spot and the melt pool, which is flowing into the surrounding powder, exceeding 
the boundaries of the specimen. 
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Fig. 3. Thermal image of SLM process with preheating area 
3. Properties of manufactured objects 
3.1. Density and microstructure 
Fig. 4 shows a polished cross section of a fully ceramic specimen (2.5 mm x ø18 mm) which has been 
manufactured using the above described powder ratio along with the upper mentioned process parameters. The 
specimen yields a density of approximately 100% and no cracks were observed. 
Due to fast heating cycles of approximately 105 K/s during the melting and solidification of the ceramic powder, 
a fine-grained nano-sized microstructure is achieved (Fig. 5). Additionally, in intervals of the layer thickness of 
50 μm coarser crystals are formed. This phenomenon is originated in the top down CO2 pre-heating due to which the 
melt pool solidifies last at the top of every layer, providing more time for crystalline growth. 
 
 
 
Fig. 4. Polished cross section of a ceramic specimen 
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Fig. 5. SEM image of the microstructure of an alumina (dark phase) and zirconia (light phase) specimen 
 
Furthermore, large ZrO2 crystals are formed. This is caused by a local evaporation of the Al2O3 inducing a shift 
of the eutectic material ratio towards an elevated ZrO2 ratio. This causes unhindered ZrO2 crystalline growth until 
the eutectic material ratio is obtained and Al2O3 crystals are formed. The uneven size-distribution of the crystals 
along with the dendritic shape of the ZrO2 crystals represent a severe distinction to the microstructure of 
conventionally sintered material. To which extend the microstructure influences the mechanical properties of the 
material is subject to further research at Fraunhofer Institute for Laser Technology. 
3.2. Mechanical properties 
Testing geometries (2.5 mm x ø18 mm) have been tested for their flexural strength by means of a ball on three 
balls bending test during which the ceramic disk is rested on three balls and loaded by a fourth ball from the top. 
Accordingly, the flexural strengths of the specimens yield values of above 500 MPa. These values are sufficient for 
dental restorations in the posterior region. However, the bending strength lays significantly below the value for 
conventional manufactured parts of above 1000 MPa [10]. The reason for this may be founded in the altered 
microstructure of molten ceramics compared to sintered one as described above but remains subject to further 
investigation. 
3.3. Superficial crack formation 
The employment of a high-temperature preheating in order to avoid crack formation inside the manufactured 
SLM part also yields the disadvantage that thermal shocks are induced during deposition of the cold ceramic 
powder. Due to these thermal shocks, fine cracks on the surface of the produced specimen may occur. Fig. 6 shows 
the cracked surface of a SLM part, directly after cold powder has been distributed. 
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Fig. 6. Crack formation on the surface of the SLM part due to cold powder deposition onto preheated area 
 
As the depth of the cracks does not exceed one layer thickness (50 μm), no mechanical impact is expected since 
selectively melting after powder deposition closes each surface crack. However, as tension peaks may still persist 
inside the produced material, efforts are made to reduce the thermal stress induced during powder deposition. One 
possible approach for reducing the thermal shock during powder deposition is a preheating of the powder before 
distribution onto the preheated SLM part. As sintering mechanism interfere with an even powder deposition for high 
powder temperatures, first experiments concerning the powder preheating have been conducted with a maximum 
temperature of 400°C. Fig. 7 shows a thermal image of the experimental powder preheating. First experiments have 
been conducted and were successful for small SLM specimen. However, the complete avoidance for larger SLM 
specimens is subject to further research. 
 
  
Fig. 7. Thermal image of the preheated powder bed 
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3.4. Object for demonstrating purposes 
For demonstrating purposes dental restoration bridges have been manufactured (Fig. 8). The displayed bridge is 
built up upside down on supporting bars and exhibits a poor surface quality. As mentioned above, this is due to the 
large melt pool size facilitated by high preheating temperatures and will be subject to further improvements. 
 
  
Fig. 8. Object for demonstrating purposes: Dental restoration bridge for the posterior region 
 
4. Conclusion 
In the present paper the possibilities of manufacturing ceramic specimen by means of SLM have been 
demonstrated. Dense specimens using the eutectic mixing ratio of 58.5 wt% of Al2O3 and 41.5 wt% ZrO2 have been 
manufactured by completely melting pure ceramic powder. The appearance of cracks was completely avoided by 
high-temperature preheating just below the melting point of the material. Microstructures as well as mechanical 
properties of the specimens have been evaluated. A fine grained microstructure and flexural strengths of above 
500 MPa were achieved. In order to reduce thermal shock during powder deposition onto the preheated SLM part, 
an experimental powder preheating of up to 400°C was established. The poor surface quality remains subject to 
further investigation allowing for identification of new areas of application for these high-strength oxide ceramics. 
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